Aberrant von Hippel Lindau (VHL) protein function is the underlying driver of VHL-related diseases, including both sporadic and inherited clear cell renal cell carcinoma (ccRCC). About one third of VHL mutations are missense point mutations, with R167Q being the most common VHL point mutation in hereditary VHL disease. Although it has been studied extensively, the ability of VHL-R167Q to downregulate hypoxia-inducible factor 2a (HIF2a) is still controversial. In addition, the manner in which the mutation contributes to tumorigenesis is not fully understood. No therapeutic approach is available to target VHL-R167Q and similar missense point mutations. We analyzed VHL-R167Q proteostasis and function at normoxia, at hypoxia with different oxygen pressure, and in a xenograft mouse model. We showed that the protein levels of VHL-R167Q dictate its ability to downregulate HIF2a and suppress tumor growth. Strikingly, the proteasome inhibitors bortezomib and carfilzomib, which are currently in clinical use, stabilize VHL-R167Q and increase its ability to downregulate HIF2a. VHL-R167Q binds elongin C and elongin B with considerably less avidity than wild-type VHL does but retains residual capacity to generate a VHL-elongin C-elongin B complex, downregulate HIF2a, and suppress tumorigenesis, which could be rescued by increase of VHL-R167Q levels. Finally, we used in silico approaches and identified other missense VHL mutants in addition to VHL-R167Q that might be rescued by similar strategies. Thus, our studies revealed detailed information describing how VHL-R167Q contributes to tumorigenesis and identified a potential targeted therapy for ccRCC and other VHL-related disease in patients carrying VHL-R167Q or similar missense mutations. Cancer Res; 74(11); 3127-36. Ó2014 AACR.
Introduction
von Hippel Lindau (VHL) disease is an autosomal dominant disorder that predisposes individuals to benign and malignant tumors. VHL loss of function is the underlying driver of VHLrelated diseases, including both sporadic and inherited clear cell renal cell carcinoma (ccRCC; ref. 1) . The establishment of VHL as the substrate recognizing component of an E3 ligase for hypoxia-inducible factor (HIF) has led to an understanding that loss of VHL function and stabilization of HIF play a central role in tumor angiogenesis in ccRCCs (2) (3) (4) . Mutations in VHL that disrupt binding with HIF occur at high frequency in ccRCCs (5) . These early findings and the recognition that angiogenesis is a key driver of the ccRCC phenotype ushered in a new era of targeted therapies for ccRCCs with the new drugs, including sorafenib, sunitinib, pazopanib, axitinib, and bevacizumab (6) (7) (8) (9) (10) .
Approximately one quarter to one third of all VHL mutations are missense point mutations, generating a full-length protein (5, 11) , although less stable than the wild-type protein.
These point mutations, in some cases, maintain residual functionality (5, 12) . The most common mutation in hereditary VHL disease, R167Q, is a representative type 2B mutation that predisposes to a high risk of ccRCCs (13) . The R167Q mutation disrupts VHL binding with elongin C and therefore disrupts the functional VHL-elongin B-elongin C (VBC) E3 ligase complex (12, 14) . However, the ability of VHL-R167Q to downregulate HIF2a has been debated. Some studies have shown that VHL R167Q is deficient or partially deficient in downregulating HIF2a (15) , whereas other studies have shown that it efficiently downregulates HIF2a (16, 17) . The manner in which the R167Q mutation of VHL contributes to HIF2a downregulation has not been systematically elucidated. No therapeutic approach has been proposed to target R167Q and similar point mutations in patients.
To address these issues, we characterized VHL-R167Q in greater detail and gathered functional information regarding its ability to downregulate HIF2a and suppress tumor formation. In addition, we explored whether stabilization of VHL protein harboring missense mutations could serve as a novel therapeutic approach in ccRCCs. We demonstrated that the protein levels of VHL-R167Q dictate its functional capacity to downregulate HIF2a and suppress tumorigenesis and that proteasome inhibition increases the levels and function of VHL-R167Q. Our study provides a potential innovative targeted therapy to treat patients with kidney cancer by stabilizing R167Q and other related mutations.
Materials and Methods
Cell culture and plasmids 786-0 and RCC4 human kidney cancer cells were obtained from American Type Culture Collection. Cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) from Invitrogen supplemented with 10% fetal calf serum from Gibco. Venus is an eYFP derivative with high fluorescence intensity (18) . Retroviral vectors expressing VHL-wild-type (wt)-Venus and VHL-W117A-Venus were described previously (19) . We created VHL-R167Q-Venus, VHL-L118P-Venus, and VHL-F148A-Venus mutations from VHL-wt-Venus with a Quikchange mutagenesis kit from Stratagene and confirmed them by sequencing. We also made VHL constructs without the Venus tag (VHL-wt and VHL-R167Q) by introducing a stop codon downstream of VHL. Cells were transfected using FuGENE 6 transfection reagent from Roche following the manufacturer's protocol. Retrovirus preparation and infection were performed as previously described (20) .
Reagents and antibodies
Bortezomib was obtained from Selleck Chemicals and carfilzomib from Onyx Pharmaceuticals. Antibodies against VHL (#2738) and tubulin (#2125) were from Cell Signaling Technology. Antibodies against elongin B (#11447), elongin C (#1559), and Cullin-2 (Cul2) (#10781) were from Santa Cruz. Anti-HIF2a antibody (#NB100-122) was from Novus Biologicals, anti-GLUT1 antibody (#GT12-A) from Alpha Diagnostic International, and anti-GAPDH antibody (#AM4300) from Ambion. LC3B antibody was prepared in Dr. Eissa laboratory (Baylor College of Medicine, Houston, TX) as described previously (21) .
Western blotting and GFP-Trap
To prepare cell lysates for western blotting, cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (TrisHCl, pH 7.4, 50 mmol/L; NaCl, 150 mmol/L; NP-40, 1%; sodium deoxycholate, 0.5%; SDS, 0.1%) supplemented with protease inhibitor and phosphatase inhibitor cocktail (Pierce). Western blotting was performed as previously described (20) . Samples were resolved on 10% SDS-PAGE. Scanning densitometric values were obtained using ImageJ software (version 1.46r; NIH, Bethesda, MD). To prepare cell lysates for the GFP-Trap, cells were lysed in 0.5% NP-40 buffer (Tris-HCl, pH 7.4, 50 mmol/L; NaCl, 150 mmol/L; NP-40, 0.5%; sodium deoxycholate, 0.5%) supplemented with protease inhibitor and phosphatase inhibitor cocktail (Pierce). The GFP-Trap was performed according to the manufacturer's protocol (Allele Biotechnology). Proteins pulled down by GFP-Trap beads were analyzed by Western blotting using SDS-PAGE denaturing gels.
Real-time PCR
Total RNA was extracted and purified using RNeasy kits and treated with DNase according to the manufacturer's protocol (Qiagen). cDNA was synthesized using the SuperScript First Strand Synthesis System (#18080-051, Invitrogen) with 1 mg RNA as the template. Real-time PCR was performed with ABI PRISM 7900HT Sequence Detection System (Applied Biosystems) in 25 7 cells per mouse) were harvested, mixed with Matrigel (100 mL), and injected subcutaneously into the flanks of 6-to 8-week-old athymic nu/nu mice (NCI). Seven female mice were used in each group. Tumor growth was measured twice a week by calipers. Mice were euthanized and tumors were harvested. Half of each tumor was snap frozen in liquid nitrogen for molecular analysis, and the other half was fixed in formalin and embedded in paraffin for histologic analysis.
In silico analysis of VHL mutations
We analyzed 18 VHL crystal structures available in the Protein Data Bank (PDB; ref. 25) and chose the recently solved VBC-HIF1a peptide complex (PDB id: 4AJY) at a high resolution (1.73 Å; ref. 26) as the reference VHL structure. Point mutations were classified as buried or exposed. Buried mutations are likely capable of inducing protein destabilization, whereas exposed mutations probably alter interactions with substrates and other binding partners. The impact of missense mutations on VHL protein function can be estimated by measuring the changes in the shape and physicochemical properties of the interaction interfaces (27) .
The Prediction of Protein Mutant Stability Changes (PoPMuSiC) program (28) was used to compute the variation in the folding free energy (DDG) of the VHL complex. A positive DDG value represents destabilizing mutations, whereas a negative DDG value represents stabilizing mutations. We chose a value of 3.0 kcal/mol, which corresponds to the loss of two or three hydrogen bonds, as the cutoff. Thus, a DDG value <3.0 kcal/mol indicates that destabilization caused by a mutation could be compensated by increasing the VHL protein level and thus that the mutation can be rescued (i.e., that the wild-type phenotype can be restored). On the other hand, a DDG value of >3.0 kcal/mol suggests the mutation cannot be rescued.
Results
Protein level of VHL-R167Q dictates functional capacity of VHL in downregulating HIF2a and suppressing tumorigenesis
We first examined the effect of the R167Q point mutation on VHL protein stability using Venus tagged proteins. VHL-null 786-0 kidney cancer cells were infected with retroviral vectors to stably express VHL-R167Q-Venus and VHL-wt-Venus. VHL-R167Q-Venus protein levels were significantly lower than VHLwt-Venus levels (Fig. 1A) , which is consistent with a previous study that demonstrated that the R167Q mutation destabilizes VHL (12) . Two other point mutations, W117A and L118P, which disrupt TRiC binding and destabilize VHL (29) , also had decreased protein levels compared with VHL-wt-Venus (Fig. 1A) . mRNA levels of VHL-R167Q-Venus and VHL-wtVenus were comparable, indicating that the different protein levels were not due to differences in transcription level (Fig. 1B) . The half-life of VHL-R167Q-Venus ($40 minutes) was significantly shorter than that of VHL-wt-Venus ($130 minutes) determined in the cells treated with the translation inhibitor cycloheximide (Fig. 1C) . The proteasome inhibitor MG132 significantly increased VHL-R167Q levels, which became comparable to VHL-wt levels after MG132 treatment (Fig. 1D) . All of the above data suggest that elevated proteasomal degradation of VHL-R167Q-Venus was responsible for the lower protein level.
We then examined the functional capacity of VHL-R167Q-Venus to downregulate HIF2a, the most studied VHL target (2) (3) (4) . Surprisingly, VHL-R167Q-Venus mediated complete degradation of HIF2a, comparable to the effect of VHL-wtVenus (Fig. 1A) . A similar result was shown in a previous study (16) . Glucose transporter 1 (GLUT1), a target of HIF2a, was also comparably downregulated by VHL-R167Q-Venus. In contrast, as we expected, 2 mutant proteins that disrupt interactions between VHL and HIF2a, VHL-W117A-Venus and VHL-L118P-Venus, could not downregulate HIF2a or GLUT1 (Fig. 1A) . These results indicated that VHL-R167Q-Venus was fully capable of downregulating HIF2a in 786-0 cells. Although the results are consistent with some published data (16), they are inconsistent with the fact that the R167Q mutation is the most common disease causing mutation in hereditary VHL disease and with the widely accepted notion that the R167Q mutation diminishes VHL binding to elongin B and elongin C and subsequently its ability to downregulate HIF (12, 13) .
To explore the tumorigenesis mechanism of the R167Q mutation, we sought to characterize it in more depth. We observed that VHL-R167Q-Venus was expressed at a much higher level than VHL-R167Q without any tag in 786-0 cells ( Fig. 2A) , likely due to a stabilization effect of the Venus tag. We then examined whether the protein levels of VHL-R167Q affected its function. We stably expressed untagged VHL-R167Q and VHL-wt in 786-0 cells (Fig. 2B ), which were expressed at much lower levels than Venus-tagged VHL. Although it was expressed at lower levels than VHL-wt-Venus, VHL-wt still mediated complete HIF2a degradation. In contrast, VHL-R167Q could only mediate partial HIF2a degradation, suggesting that at lower expression levels, VHL-R167Q was not sufficient for complete HIF2a downregulation. GLUT1 levels were higher in VHL-R167Q cells than in VHL-wt cells, indicating that HIF2a was only partially functioning in VHL-R167Q cells (Fig. 2B) , possibly due to a stoichiometric effect.
We then compared the ability of VHL-wt and VHL-R167Q in 786-0 cells to downregulate HIF2a under different partial Figure 2 . R167Q mutation decreases the ability of VHL to downregulate HIF2a in 786-0 cells and suppress tumor growths. A, VHL-R167Q protein levels were lower than VHL-R167Q-Venus protein levels. VHL-null 786-0 cells were infected to stably express VHL-R167Q or VHL-R167Q-Venus, cultured in complete medium, and lysed in RIPA buffer supplemented with protease inhibitors and phosphatase inhibitors. Samples were resolved in 10% SDS-PAGE. Arrow, VHL-R167Q-Venus. Arrowhead, VHL-R167Q. B, R167Q mutation decreased VHL function in HIF2a downregulation. VHL-null 786-0 cells were infected to stably express the indicated proteins. Cells were cultured in complete medium and lysed in RIPA buffer supplemented with protease inhibitors and phosphatase inhibitors. Scanning densitometric values were obtained using ImageJ software. Protein levels were normalized to the loading control (GAPDH) and presented as relative conversion to values in VHL-wt cells (for VHL) and in parental cells (for HIF2a and GLUT1). C, R167Q mutation decreased VHL function in HIF2a downregulation under hypoxia. Parental, VHL-R167Q, and VHL-wt 786-0 cells were cultured in complete medium with the indicated oxygen levels for 72 hours. Cells were lysed in RIPA buffer supplemented with protease inhibitors and phosphatase inhibitors. Normoxia, 21% oxygen. Scanning densitometric values were obtained using ImageJ software. HIF2a protein levels are presented as relative conversion to values in lane 1. D, R167Q mutation decreased VHL function in HIF2a downregulation after reoxygenation. Parental, VHL-R167Q, and VHL-wt 786-0 cells were cultured in complete medium under hypoxia (1% oxygen) for 72 hours, moved to normoxic conditions (21% oxygen) to reoxygenate the cells, and immediately lysed after reoxygenation in RIPA buffer for the indicated times. E, VHL-R167Q-Venus but not VHL-R167Q completely suppressed tumor growth. Mice were injected with 786-0 cells expressing green fluorescent protein (GFP), VHL-W117A-Venus, VHL-R167Q, or VHL-R167Q-Venus. Tumors were measured on the indicated days after injection. F, VHL-R167Q partially downregulated HIF2a and GLUT1 in xenografts. Lysates were prepared from snap frozen xenograft tissue. LE, long exposure; SE, short exposure. (30) . Under commonly used hypoxia conditions with 1% oxygen, HIF2a was stabilized in both VHL-wt and VHL-R167Q cells (Fig. 2C) . As the percentage of oxygen increased, VHL-R167Q was less able to downregulate HIF2a than VHL-wt (Fig. 2C) . We also compared the ability of VHL-wt and VHL-R167Q to downregulate HIF2a when cells were reoxygenated after hypoxia; this scenario may better reflect tissue oxygen fluctuation in vivo. VHL-R167Q was less able to downregulate HIF2a than VHL-wt (Fig. 2D) .
We further examined the tumor-suppressive function of VHL-R167Q in a mouse xenograft model. As expected, control 786-0 cells (which expressed GFP only) underwent rapid tumor growth (Fig. 2E) . Consistent with its ability to downregulate HIF2a in tissue culture, VHL-R167Q-Venus completely suppressed tumor growth, whereas VHL-R167Q only partially suppressed tumor growth. VHL-W117A-Venus, a HIF2a-binding deficient mutation (4), did not efficiently suppress tumor growth (Fig. 2E) despite being expressed at levels comparable to that of VHL-R167Q-Venus (Fig. 1A) . Our data indicated that at high levels, VHL-R167Q-Venus completely suppresses tumor growth but VHL-R167Q at low levels only partially suppresses it.
We verified the protein levels of VHL, HIF2a, and the HIF target GLUT1 in xenografts (Fig. 2F) . Consistent with the data for cultured cells, the VHL-R167Q level was significantly lower than that of VHL-W117A-Venus in xenografts. The levels of HIF2a and GLUT1 were lower in VHL-R167Q xenografts than in GFP or VHL-W117A-Venus xenografts; this finding indicated that VHL-R167Q retains partial ability to downregulate HIF and subsequently HIF targets in vivo.
VHL-R167Q-Venus forms significantly less VBC complex compared with VHL-wt-Venus but is still sufficient for HIF2a downregulation VHL serves as a substrate-binding component of an E3 ubiquitin ligase complex for HIF2a (2, 3) . The mutated protein VHL-R167Q retains the ability to bind to the HIF2a substrate but is less efficient in binding elongin C and is therefore deficient in forming a functional VBC complex (12) . We examined whether VHL-R167Q-Venus can form a functioning VBC complex for the observed HIF2a downregulation. We used a GFP-Trap assay that pulls down GFP fusion proteins and binding partners with high efficiency and specificity. Results showed that compared with VHL-wt-Venus, VHL-R167Q-Venus bound to substantially less elongin B, elongin C, and Cul2 (Fig. 3) , consistent with results from a previous study (17) . However, because VHL-R167Q-Venus was expressed at high levels, the residual VBC complex was likely still sufficient for complete HIF2a downregulation. VHL-W117A-Venus and VHL-F148A-Venus both bound to elongin B, elongin C, and Cul2 efficiently, although with modest changes compared with VHL-wt-Venus (Fig. 3) .
Proteasome inhibition restores the expression levels and function of VHL-R167Q
On the basis of our finding that the protein level of VHL-R167Q determines its ability to downregulate HIF2a and suppress tumors, we predicted that stabilization of this mutant protein would increase its functional ability. Treatment with bortezomib, a proteasome inhibitor currently used in cancer therapy, resulted in a significant increase in the protein levels of both VHL-wt and VHL-R167Q (Fig. 4A) . In parental 786-0 cells with no VHL, bortezomib treatment resulted in an increase of HIF2a level, which was likely due to blockade of VHL-independent HIF2a proteasomal degradation (Fig. 4A) . In contrast, in cells expressing VHL-R167Q, bortezomib treatment significantly decreased HIF2a levels (Fig. 4A) , which was consistent with stabilized VHL-R167Q facilitating HIF2a degradation. Bortezomib did not decrease HIF2a mRNA levels, indicating that the decrease in HIF2a protein levels was likely due to protein degradation (Fig. 4B) . Indeed, bortezomib increased HIF2a mRNA levels to a certain extent, which may be responsible for elevated HIF2a protein levels when VHL is not present (Fig. 4A) . Autophagy is a conserved process involved in lysosomal degradation of long-lived proteins, protein aggregates, and damaged organelles (31) . To explore the role of autophagy in bortezomib-induced HIF2a decrease, we checked the changes in type II LC3B (LC3B-II), an indicator of autophagy (31) . Here we observed that bortezomib at the concentration we used did not increase LC3B-II, whereas autophagy-lysosome inhibition by bafilomycin A1 led to an obvious accumulation of LC3B-II (Fig. 4C) . These results suggest that autophagy was not responsible for the decrease of HIF2a levels in the presence of bortezomib. GLUT1 levels increased in parental cells but decreased in VHL-R167Q cells after bortezomib treatment, consistent with the changes in HIF2a levels (Fig. 4A) . Moreover, in VHL-wt cells, both HIF2a and GLUT1 were at very low levels regardless of bortezomib treatment (Fig. 4A) , indicating that HIF2a was efficiently degraded when VHL-wt was present.
We further examined the effect of bortezomib in another kidney cancer cell line. Bortezomib treatment resulted in similar VHL-R167Q upregulation together with HIF2a and GLUT1 downregulation in RCC4 cells (Fig. 4D) , indicating that the effect of bortezomib was not cell line specific. Another clinically used proteasome inhibitor, carfilzomib, showed similar effects in stabilizing VHL-R167Q protein levels and restoring its function in downregulating HIF2a and GLUT1 (Fig. 4E) , indicating that the effect of proteasome inhibition on VHL was not compound specific.
In silico identification of VHL mutations for rescue
We showed that the protein levels and function of one type 2B VHL mutation, R167Q, could be rescued by increasing proteostasis. We then sought to develop in silico approaches to identify other VHL missense mutations that could be rescued and therefore to prioritize the mutations for future in vivo studies. We first compiled VHL point missense mutations in sporadic ccRCCs from The Cancer Genome Atlas (TCGA) database (Fig. 5A and Supplementary  Table S1 ; refs. 32-34). For sporadic ccRCCs in the TCGA sample set, L89 was the most frequent missense mutation site and the other prevalent missense mutation sites were N78, S111, or L158 (Fig. 5A) . We classified the sporadic missense mutations as buried or exposed (5) on the basis of the recently solved VBC-HIF1a peptide complex (PDB id: 4AJY; ref. 26) . We used the PoPMuSiC program (28) to compute the variation in DDG of the VHL complex with the introduction of a point mutation. Data from some experimentally tested mutations are shown in Fig. 5B . Using 3.0 kcal/mol as a cutoff, which corresponds to the loss of 2 or 3 hydrogen bonds, we would be able to rescue approximately 79% of missense point mutants (Fig. 5B and Supplementary  Table S2) . If the cutoff values were more stringent, for example, DDG ¼ 2.0 kcal/mol (corresponding to the loss of 1 or 2 hydrogen bonds), approximately 57% VHL missense mutations would be candidates for rescue (Supplementary Table S2 ). As missense point mutations make up approximately a third of all VHL mutations, we would theoretically be able to rescue between 14% and 25% of VHL mutations, which potentially affects a large number of VHL patients. Using the PoPMuSiC program, we predicted that the R167Q mutation would cause a 1.38 kcal/mol change in DDG, which is consistent with an unstable but rescuable mutation. Structural analysis indicated that this destabilization was caused primarily by a change in the nonbonded intramolecular interactions of the residue Arg167 with Glu160, Asp187, and Asp190 (Fig. 5C ). The R167W (DDG ¼ 1.24 kcal/mol) and L158P (DDG ¼ 1.86 kcal/mol) mutations were similarly characterized as rescuable mutations. We also calculated that the W117A (DDG ¼ 4.35 kcal/mol) mutation would greatly destabilize the complex structure and thus disrupt function; this prediction was consistent with our in vivo observation that the function of W117A mutation was not rescuable by increasing W117A expression (Fig. 1A) . Using PoPMuSiC, we identified several frequent mutations, including L89H, L158P, and C162R, as potentially rescuable mutations in addition to R167Q. Our in silico results verified the experimental refunctionalization data of the VHL R167Q mutant and predicted more rescuable VHL mutants for future in vivo studies.
Discussion
In this study, we demonstrated that the protein level of VHL-R167Q determines its functional capacity to downregulate HIF2a and suppress tumorigenesis. VHL-R167Q expressed at a low level fails to completely downregulate HIF2a and suppress tumorigenesis in xenograft models, whereas VHL-R167Q-Venus expressed at a high level completely downregulates HIF2a and suppresses tumorigenesis. We systematically Figure 5 . In silico identification of VHL mutations for rescue. A, distribution of VHL missense point mutations in sporadic ccRCC in the TCGA dataset. VHL mutation data of ccRCC samples were downloaded from cBioPortal. Missense point mutations were selected for the distribution chart. B, depiction of folding free energy (DDG) values of the experimental mutations computed using PoPMuSiC. C, depiction of structural changes of the VHL-ElonginB-ElonginC-Hif1a complex (pdb id: 4AJY) with the R167Q mutation. The detailed interactions of arginine with the neighboring residues are magnified.
analyzed the function of VHL-R167Q under normoxic, hypoxic, and reoxygenation conditions and in a xenograft model and demonstrated that VHL-R167Q is less able to downregulate HIF2a than VHL-wt is but still maintains rescuable functionality. In addition, we demonstrated that proteasome inhibition increases the protein level of the VHL-R167Q mutant and, more importantly, its ability to downregulate HIF2a and an HIF target.
Our results indicate that proteasome inhibition increases the levels and function of a type 2B missense VHL mutant, which provides a potential innovative therapeutic approach to treat patients with kidney cancer by stabilizing these missense VHL mutants. We observed a commensurate decrease in both HIF2a and the HIF target GLUT1 after stabilization of the R167Q-VHL mutant. An important finding was that although proteasome inhibition stabilized VHL, it did not counteract the rescue of VHL activity by stabilizing HIF2a but actually resulted in a lowering of HIF2a levels in a VHL level-dependent fashion. Therefore, it is likely that under the proteasome inhibition conditions we used, specific activities of the proteasome were inhibited, or the proteasome was globally inhibited to an extent that VHL, but not HIF2a, degradation was blocked. A high level of proteasome inhibitor can stabilize the HIF protein; however, stabilized HIF that is ubiquitinated but not degraded does not appear to be functional (35) . Our studies using bortezomib and carfilzomib suggest that with newer proteasome inhibitors, there is a therapeutic window for upregulating VHL without a commensurate increase in HIF, thereby creating a favorable therapeutic index.
We previously proposed that modulation of the proteostasis of missense point-mutated VHL could serve as a novel approach to treating kidney cancer (19) . Our data in this study support the idea that proteasome inhibitors can be used to stabilize missense VHL mutations. A clinical study testing bortezomib in patients with refractory kidney cancer showed that a subset of patients had a dramatic and prolonged response to this agent (36) . Unfortunately, no molecular markers of benefit were assessed in that study and the toxicity profile of bortezomib precluded its further development for patients with kidney cancer. On the basis of our data, a clinical study testing carfilzomib for refractory kidney cancer was launched at The University of Texas MD Anderson Cancer Center (NCT01775930) and will assess the ability of this agent to control kidney cancer and whether VHL subtypes can predict the response to this agent.
Proteasome inhibitors represent only one of many kinds of compounds that may stabilize missense VHL mutations. VHL proteostasis is affected by multiple steps that could be targeted. For example, nascent VHL binds to heat shock protein 70 and is shuttled to the eukaryotic type II chaperonin tailless complex polypeptide-1 ring complex (TRiC), where it is folded into a mature form to stabilize the VHL protein (29, 37) . Mutations in VHL amino acids 114-119 and 148-155 interfere with TRiC binding, resulting in the failure of VHL to fold properly (29, 37) . VHL binds to elongin C and elongin B to form the functional VBC complex, which also stabilizes VHL, and mutations in VHL amino acids 155-181 decrease elongin C binding and stability (14) . Destabilized VHL binds to heat shock proteins and is directed to proteasome degradation (38) . Compounds that improve VHL shuttling or binding to the folding machinery TRiC, or that inhibit VHL ubiquitination or shuttling to the proteasome, may stabilize missense VHL mutants. We previously performed a drug screen and identified multiple compounds that stabilize mutant VHL (19) . A recent study also showed that histone deacetylase inhibitors may stabilize mutant VHL (39) . The in silico approach identified other missense VHL mutants that might be rescued. Thus, proteostasis rescue may be applicable to a significant number of VHL mutants and could affect a large number of VHL patients.
Our xenograft data showed that VHL-R167Q at low levels failed to completely suppress tumorigenesis. This finding is consistent with previous studies showing that VHL-R167Q knockin mice were more susceptible than wild-type mice to carcinogen-promoted renal neoplasia (12) . Our data further showed that VHL-R167Q at high levels completely suppressed tumorigenesis, providing in vivo evidence that VHL-R167Q levels dictate how well it functions to suppress tumors. We also found that proteasome inhibitors stabilize missense VHL and rescue its ability to downregulate HIF2a in vitro. Further studies are needed to explore compounds that mediate VHL stabilization in vivo, which is important for developing and implementing modulation of the proteostasis of missense VHL mutants as a novel therapeutic approach for kidney cancer.
In conclusion, we characterized the VHL-R167Q mutation in detail and demonstrated that proteasome inhibition increases the levels and function of the type 2B missense VHL mutant R167Q. Our results support the innovative concept of modulating the proteostasis of missense pointmutated VHL as therapy for ccRCCs. Considering that multiple proteasome inhibitors are currently in clinical use, our results are of significance and may further the development and implementation of proteasome inhibitors as therapy for kidney cancer.
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